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2 
Abstract 1 
Johne’s disease is a serious wasting disease of ruminants that is of high economic importance for the dairy 2 
sector in particular. The chronic nature of the disease, the fluctuations in antibody levels and the limited 3 
ability of diagnostic tests to identify cows at early stages of infection are huge challenges for the control of 4 
the disease. In the United Kingdom, the latter is commonly based on repeated milk ELISA testing of lactating 5 
cows, followed by selected culling and improved management practices around calving. In this paper, the 6 
dataset built through a large quarterly screening programme conducted in the United Kingdom since 2010 is 7 
used to investigate the use of milk ELISA testing for Johne’s disease management. Over the study period, 8 
13,509 out of 281,558 cows were identified as high-risk of being infected and shedding mycobacteria in the 9 
faeces, based on a case definition of at least two consecutive positive milk ELISA results. Around a third of 10 
them were kept in the dairy herd a year or more after being classified as high-risk. However, 16% of these 11 
cows did not have any further positive test, suggesting that they might be uninfected animals. The mean 12 
specificity and sensitivity of the milk ELISA test were estimated at 99.5 % and 61.8%, respectively. The cows 13 
in the dataset are categorised in different result groups according to the number of positive test results and 14 
whether they are classified as high-risk according to the programme’s case definition. The posterior 15 
probability of infection is calculated after each test in order to investigate the impact of repeated testing on 16 
the belief in a cow’s infection status. The interpretation of the results show that most cows classified as high-17 
risk are very likely to be infected, while some other groups that do not match the case definition could 18 
reasonably be considered as infected too. Our results show that there is considerable potential for more 19 
targeted use of serological testing, including adjusting the testing frequency and implementing the posterior 20 
probability approach. 21 
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3 
Introduction 1 
Johne’s disease (JD)1, caused by Mycobacterium avium subsp. paratuberculosis (MAP), is a disease of serious 2 
economic importance for the dairy sector (Harris and Barletta, 2001, Ott et al., 1999, Stott et al., 2005). 3 
However, reliable impact estimates require precise data on the prevalence of the disease, which have been 4 
elusive largely due to the chronic nature of the disease and the limited ability of diagnostic tests to identify 5 
cows at early stages of infection. Nielsen and Toft in a systematic review carried out in 2009 concluded that 6 
accurate prevalence estimates were largely lacking across European countries (Nielsen and Toft, 2009). In 7 
the United Kingdom (UK), a study conducted in the late 90s reported an animal-level prevalence of infection 8 
of between 2.6 and 3.5% in Southwest England (Çetinkaya et al., 1996). Another study based on postal 9 
surveys reported a prevalence of between 17% and 71% of clinically infected herds in different study areas 10 
across the UK (Cetinkaya et al., 1998; Daniels et al., 2002). In a later study, it was estimated that 75 to 78% of 11 
herds in Southwest England had at least one seropositive animal (Woodbine et al., 2009). More recently, 12 
Velasova et al. (2017) estimated the herd level prevalence of JD across Great Britain as 68% (95% confidence 13 
interval: 59 to 77%) by means of antibody detection in bulk milk samples. Poor sensitivity of the available 14 
ante-mortem diagnostic tests poses a challenge for accurate estimation of JD prevalence and farm-level 15 
decision making with regard to individual cows (Collins et al., 2006; Eamens et al., 2000; Nielsen and Toft, 16 
2008). Among these tests, enzyme-linked immunosorbent assays (ELISA) for the detection of antibodies in 17 
milk are commonly used due to performance, convenience and cost (Nielsen and Toft, 2008). The ability of 18 
these tests to correctly identify JD-infected cows is highly dependent on their age and stage of infection 19 
(Hanks et al., 2013; Nielsen et al., 2002a, 2002b; Nielsen et al., 2013; Sweeney et al., 2006; van Schaik et al., 20 
2003). Test sensitivity (the proportion of infected cows detected as positive by the test) is low at early stages 21 
of infection and increases as the disease progresses (Nielsen et al., 2013). For this reason, decisions 22 
regarding the management of individual cows are normally made upon consideration of the results of 23 
                                                          
1 Abbreviations used: ELISA, enzyme-linked immunosorbent assay; JD, Johne’s disease; MAP, Mycobacterium 
avium subsp. paratuberculosis; MES, mean effective sensitivity; NMR, National Milk Record group; PPI, 
posterior probability of infection; S/P, sample-to-positive ratio; UK, United Kingdom. 
 
 
4 
repeated tests together with either clinical manifestations and/or other factors such as somatic cell count, 1 
milk yield and fertility. To achieve reduction of the prevalence in the herd, it is commonly recommended to 2 
farmers to cull cows repeatedly testing positive, as they are more likely to be excreting MAP into the 3 
environment (Nielsen et al., 2002b; Nielsen, 2008; Sweeney et al., 2006) and to have reduced milk yield 4 
(Nielsen et al., 2009). A number of studies have formally investigated the control of JD in dairy herds and its 5 
impact, especially in the United States (Aly et al., 2012; Robins et al., 2015; Smith et al., 2017) and in 6 
Denmark (Kudahl et al., 2008, 2007). However, only one study has focused on JD control in the UK dairy 7 
sector so far (Stott et al., 2005), and it only looked at the impact of decreased milk yield and early culling. In 8 
the UK, JD control is usually based on repeated testing of all cows in infected herds associated with selective 9 
culling and improved calving and calf management practices. Anecdotal evidence suggests that the course of 10 
action following a specific set of test results is highly inconsistent. Therefore, individual cow management 11 
could be an area where farmers and veterinarians would benefit from further evidence to inform their 12 
decisions. In this study, a large dataset of individual cow milk ELISA test results was used to investigate 13 
several critical aspects in relation to the use of repeated tests for the purpose of JD management. The 14 
primary objective of the study was to evaluate whether using a probabilistic approach could support 15 
interpretation of repeated test results for individual cows. To this effect, we firstly estimated the test 16 
performances (sensitivity and specificity) based on the test results obtained for cows at different ages. Then, 17 
we calculated the true within-herd seroprevalence and estimated the predictive values of single and 18 
repeated testing. These data were combined to calculate and analyse the posterior probability of infection of 19 
individual cows after each test result. Lastly, we assessed the potential implications of our results on the 20 
current recommendations for management and culling of cows deemed as “high-risk”. 21 
 
 
5 
Material and methods 1 
Source of data and data management 2 
The study was based on detailed exploration of a dataset provided by the National Milk Records Group 3 
(NMR) containing 1,694,172 complete records representing all JD milk ELISA tests conducted by NMR from 4 
01/01/2010 to 18/05/2015. ELISA test results included in the dataset were performed within a JD screening 5 
programme for dairy herds (‘HerdWise’) provided by the NMR group in the UK. Within herds enrolled in this 6 
programme, all milking cows are tested for JD antibodies by milk ELISA on a quarterly basis using samples 7 
obtained for milk recording. A single herd can therefore contribute records from multiple cows and an 8 
individual cow can be represented in the dataset with multiple records, representing tests conducted at 9 
different points in time. Each record is one milk ELISA test result, with the following information: 10 
identification of the herd and the cow, birth date of the cow, date of the test and optical density value 11 
obtained from the sample. Milk samples are collected during milking, into pots containing bronopol as a 12 
preservative and delivered to the laboratory within 48 hours of collection.  The samples are de-fatted and 13 
tested by means of a commercial ELISA test. The same test has been in use over the entire period (IDEXX 14 
Paratuberculosis Screening Ab Test, IDEXX Laboratories, Maine, United States). The test interpretation was 15 
performed following the manufacturer’s instructions using a cut-off of 30: tests with a sample-to-positive 16 
ratio (S/P) of 30 or above were considered positive, whilst others were considered negative. Within the 17 
HerdWise programme, the so-called “red cows” are defined as cows with two consecutive positive milk 18 
ELISA results and as a result are deemed to be at high-risk of being infected and shedding MAP in the faeces.  19 
Evaluation of single test performance 20 
We estimated the age-specific specificity and sensitivity of the milk ELISA test from the available data, 21 
following the approach described by Nielsen et al. (2013). The target condition was defined as MAP-infected 22 
cow in which a humoral response would become detectable within the economic life of the cow. The 23 
transition from a cell-mediated response to a detectable humoral response has been associated with the 24 
 
 
6 
progression of the disease, development of symptoms and faecal bacterial shedding (Koets et al., 2015; 1 
Nielsen et al., 2009; Stabel, 2000).  Each cow from the dataset was classified as case or non-case for this 2 
condition according to the definitions presented below, or excluded from the dataset if it did not comply 3 
with either definition. 4 
To evaluate the specificity of a single test, cows with at least nine test results and for which the last eight 5 
tests were negative were classified as non-cases. Non-cases were considered as non-MAP infected or as 6 
MAP infected but with no progression of the infection during the cow’s lifetime (Mitchell et al., 2015). Eight 7 
negative tests correspond to around two years of negative tests in a quarterly programme. Preliminary data 8 
analysis showed that most of the cows with at least one positive test had seroconverted by the age of five. 9 
As testing starts around two to three years of age, this definition enabled us to retain cows that were likely 10 
to be non-MAP infected. Based on this definition, 55,586 cows were selected as non-cases. To avoid dealing 11 
with correlated data, one test result from each non-case cow (and the age at which it was obtained) was 12 
selected at random. The specificity of the test was estimated as the number of negative tests among the 13 
tests obtained from non-cases. The lower and upper limits of the confidence interval of the specificity were 14 
calculated with the Agresti-Coull method which is recommended for large samples (Brown et al., 2001).  15 
To evaluate the sensitivity of a single test, we chose a case definition matching the “red cow” definition used 16 
within the HerdWise programme. Cows with at least three test results available and where the two last tests 17 
conducted yielded a positive result were classified as cases. Based on this definition, 9,553 cows were 18 
selected as cases, and, therefore, as MAP-infected cows with progression of the infection. One test result 19 
from each case cow (and the age at which it was obtained) was selected at random. The age-specific 20 
sensitivity Se(t) of the test at age t is the proportion of positive tests at a given age among the tests obtained 21 
from cases. Se(t) was estimated using a non-linear logistic regression model (Nielsen et al., 2013): 22 
logit൫𝑆𝑒(𝑡)൯ = 𝑎 − 𝑏 ∗ 𝑒ି௖∗௧ 23 
where a is the upper limit of the logit function when t increases, b is a scaling factor and c is the coefficient 24 
for the decay of the age effect. The inverse-logit of a is the upper limit of the age-specific sensitivity when 25 
 
 
7 
age increases. The age-specific sensitivity accounts for both the probability that an infected cow excretes 1 
detectable levels of MAP antibodies in the milk and the intrinsic characteristics of the milk ELISA. As age 2 
increases, the probability that an infected cow secretes detectable levels of MAP antibodies in the milk 3 
increases. Therefore, the upper limit of the age-specific sensitivity is a good estimator of the sensitivity of 4 
the ELISA test in an infected cow which is secreting detectable level MAP antibodies in its milk at the time of 5 
testing. Parameters b and c condition the rate at which the sensitivity increases with age. After the model 6 
was fitted, the Pearson’s correlation coefficient between observed and predicted values was calculated to 7 
estimate the goodness-of-fit. 8 
Evaluation of true within-herd seroprevalence 9 
The age-specific sensitivity as estimated above was used to calculate the mean effective sensitivity (MES) of 10 
the milk ELISA test in dairy herds enrolled in HerdWise, given the age distribution of the cows in these herds 11 
(Kirkeby et al., 2015). As this test can only be performed in lactating animals, we only considered cows aged 12 
two years and older in this section of the study. We approximated the age distribution of the cows in each 13 
herd by the age distribution of the cows tested at least once between 01/01/2015 and 08/05/2015. This may 14 
not be an accurate estimate of the true age distribution in these herds as some cows may have left the herd, 15 
joined the herd or been present but not tested during the chosen period. However, precise demographic 16 
data were not available at the time of analysis. We assumed that the age distribution was constant in time 17 
over the study period. For each herd k enrolled in the HerdWise programme, the mean effective sensitivity 18 
of the test (MESk) is the average of the individual sensitivities Se(ti) for each cow i of age ti, i = (1, 2, …, Nk) 19 
where Nk is the number of cows in herd k: 20 
𝑀𝐸𝑆௞ =
∑ 𝑆𝑒(𝑡௜)
ேೖ
௜ୀଵ
𝑁௞
 21 
The mean effective sensitivity MESk and specificity Sp of the test were used to calculate the true 22 
seroprevalence Pk,y of the disease in herd k during year y (Rogan and Gladen, 1978). The apparent 23 
 
 
8 
seroprevalence πk,y was estimated as the proportion of cows with at least one positive result (“seropositive 1 
cows”) in herd k during year y. 2 
𝑃௞,௬ =
𝜋௞,௬ + Sp − 1
𝑀𝐸𝑆௞ + Sp − 1
 3 
Evaluation of the predictive values of repeated tests  4 
Within JD screening programmes, cows are tested at regular intervals. The information provided by each 5 
successive test can be accumulated in order to strengthen the evidence of a certain disease status (MAP-6 
infected or not). To this effect, the posterior probability that a given cow is infected after each test provides 7 
useful information. Such calculation draws on the age-specific sensitivity, specificity and true herd-8 
seroprevalence estimated in the first part of the study, using likelihood ratios of test results to infer the 9 
posterior probability of infection from the prior probability of infection. The likelihood ratio of a given test 10 
result is the ratio of the likelihood that this result would be expected in an infected cow to the likelihood 11 
that the same result would be expected in a non-infected cow (Dohoo et al., 2003). Likelihood ratios depend 12 
on the age of the tested cow, as the performances of the test are strongly affected by this parameter 13 
(Nielsen et al., 2013). We incorporated the age-specific sensitivity in the calculation of likelihood ratios for 14 
dichotomous results, following the definitions currently used within HerdWise, i.e. only two categories: S/P < 15 
30 (negative test) and S/P ≥ 30 (positive test). Likelihood ratios of positive and negative tests at age t (LR+(t) 16 
and LR-(t), respectively) were calculated with the following equations, where T+ (T-) represents the 17 
occurrence of a positive (negative) test and C+ (C-) represents a case (non-case) cow: 18 
𝐿𝑅ା(𝑡) =
𝑃(𝑇 + |𝐶+)
𝑃(𝑇 + |𝐶−)
=
𝑃(𝑇 + |𝐶+)
1 − 𝑃(𝑇 − |𝐶−)
=
𝑆𝑒(𝑡)
1 − 𝑆𝑝
 19 
𝐿𝑅ି(𝑡) =
𝑃(𝑇 − |𝐶 +)
𝑃(𝑇 − |𝐶 −)
=
1 − 𝑃(𝑇 + |𝐶 +)
𝑃(𝑇 − |𝐶 −)
=
1 − 𝑆𝑒(𝑡)
𝑆𝑝
 20 
 21 
 
 
9 
We assumed that the prior probability of infection before any test is performed was equal to the true 1 
seroprevalence in the herd to which the tested cow belonged. The posterior odds of infection after each test 2 
is the product of the prior odds of infection and the likelihood ratio corresponding to the result of the test 3 
(positive or negative) and the age of the cow. The odds of an event are obtained by dividing the probability 4 
of the event by its complement. For further tests, the prior probability of infection is equal to the posterior 5 
probability of infection from the previous test. The posterior probability of infection (PPI) after each test was 6 
calculated for every cow in the dataset. Cows in the dataset were categorized into five different “result 7 
groups” depending on the number of positive test results (0, 1, 2, 3 to 7 and 8 or more, for result groups A, 8 
B, C, D, E, respectively). Result group C was sub-divided into groups C1 and C2, according to whether the cow 9 
was diagnosed as “red cow” or not, respectively. Result group D was sub-divided into groups D1 and D2 for 10 
the same reason. All cows in result group E were “red cows” so this group was not divided further. A 11 
summary of the group definitions is provided in the three first rows of Table 2. The distribution of the PPI 12 
was plotted for a typical cow for each result group in order to illustrate how the belief in a cow’s status 13 
evolves over time. Key statistics regarding the distribution of the PPI in different groups were calculated: age 14 
at first positive test, PPI after first, second and third positive test results when applicable, PPI after last test 15 
recorded for each individual cow. The Kruskal Wallis test and the Dunn test for post-hoc comparisons were 16 
used to compare the number of tests, the PPI after the second positive test result and the PPI after the last 17 
test between result groups. We considered PPI below 5% and above 95% to be indicating likely un-infected 18 
and infected cows, respectively. The percentages of cows above or below these thresholds were calculated 19 
at different points in time. 20 
 
 
10 
Specific investigation of the data related to “red cows” 1 
As classification of a cow as “red cow” (i.e., cow belonging to group C1, D1 or E) is a critical element of 2 
current JD management programmes in the UK, the practices associated with these cows were investigated 3 
further. We extracted data in terms of age at diagnosis (age at the second positive test of the first sequence 4 
of two consecutive positive tests), number of days “red cows” were kept in the herd following their 5 
diagnosis, number of high-risk-cow-years at herd level during the study period and number of tests carried 6 
out (and their results) following identification of a cow as “red cow”.  7 
Sensitivity analysis 8 
A sensitivity analysis was conducted to assess the effect of modifying the case definitions on the results. The 9 
age-specific sensitivity, specificity and MES were calculated after increasing or decreasing the number of 10 
negative tests required for non-cases by 4 tests, corresponding to about one year of testing (i.e. 12 and 4 11 
negative tests, respectively). The number of positive tests required for a cow to be considered a case was 12 
also increased or decreased by one test (i.e., 3 and 1 positive tests, respectively). 13 
Results 14 
Descriptive statistics 15 
The number of tests conducted as part of the HerdWise programme has been increasing with time, from 16 
39,762 in 2010 to 549,664 in 2014. The dataset contained test results from 281,554 cows belonging to 1,222 17 
herds, and 5.6% of the tests yielded a positive result.  18 
Evaluation of single test performances 19 
Based on the test results of non-cases, the mean specificity of the test was estimated at 99.5 % (95% CI: 99.4 20 
- 99.6 %). As for the age-specific sensitivity, the results of the non-linear logistic model are shown in Table 1 21 
and Figure 1. 22 
 
 
11 
Table 1. Results of the non-linear regression model of the age-specific sensitivity of the test. The 1 
regression coefficients were the upper limit of the logit function when age increases (a), the scaling factor (b) 2 
and the coefficient for the decay of the age effect (c). 3 
Coefficient estimate (standard error) 
a 1.2 (0.17) 
b 3.0 (0.23) 
c 0.30 (0.067) 
Pearson’s correlation coefficient between observed and 
predicted values 
98.3% 
Upper limit of Se(age), mean and 95% confidence interval 77.5% (71.0% - 82.9%) 
 4 
Figure 1. Estimated test sensitivity as a function of the age at testing. The plain line shows the maximum 5 
likelihood estimate while the 95% confidence interval of the predictions is displayed as dashed lines. The 6 
bold line represents the upper limit of the sensitivity function when the age increases. 7 
Evaluation of true within-herd seroprevalence 8 
The median age of the 186,846 cows sampled in 2015 was 4.4 years and the interquartile range 3.2 to 5.9 9 
years. Based on this distribution, we calculated the MES in each herd of the dataset. The density distribution 10 
of the MES at herd-level and of the true within-herd seroprevalence calculated for the study herds in 2015 11 
are presented in Figure 2. The mean herd-level MES and within-herd true seroprevalence were 61.8% and 12 
16.8%, respectively. 13 
 
 
12 
Figure 2. Density distribution of the mean effective sensitivity at herd level and true within-herd 1 
seroprevalence for the study herds in 2015. 2 
Evaluation of the predictive values of repeated tests  3 
Example probability patterns for each result group (A to E) are presented in Figure 3 and the distribution of 4 
the cows by result group is presented in Table 2. There was a statistically significant difference between the 5 
total number of tests recorded by cow between result groups, however the effect size was small (Kruskal 6 
Wallis χ² = 15,713, df = 6, p < 0.01). There was also a statistically significant difference between the PPI after 7 
the last test between result groups (Kruskal Wallis χ² =62,137, df = 6, p < 0.01) and a post-hoc Dunn test 8 
showed that the probabilities were different within each pair of result groups.  9 
Most cows in the dataset (83% of all cows, Table 2) belong to result group A, with repeated negative tests 10 
only. In this group, the PPI fell below 5% after a median number of two tests (s.d. 0.8; 95th percentile: 3). The 11 
median age of the cows when the PPI fell below 5% was 3.0 years (s.d. 1.6 years, 95th percentile: 6.8). The 12 
median PPI after the last test available for an individual was 0.3% (s.d. 3%, 95th percentile: 8.5%). 13 
Cows in result group B (11% of all cows, 62% of seropositive cows) have repeated negative tests and one 14 
isolated positive test. The median age when the positive test result was obtained was 4.0 years (s.d. 2.1 15 
years). The median PPI after the positive test was 66.3%, with a wide confidence interval (s.d. 37.6%). For 16 
the 89% of cows where the PPI rose above 5%, it fell under this threshold again after a median of 4 further 17 
tests (s.d. 2.1). However, the PPI after the last test remained higher than it was in group A (median 11.4%, 18 
s.d. 36.0%). 19 
 
 
13 
Cows in result group C have had two positive tests only (3% of all cows or 17% of seropositive cows), while 1 
those with three or more positive tests are in result groups D and E. When the two positive tests are 2 
consecutive, the cow is classified as “red cow” (group C1, 53% of cows with two positive tests). The median 3 
age at 1st and 2nd positive tests was 4.2 and 4.5 years, respectively. After the second positive test, the median 4 
PPI was 99.6% and it was above 95% for 73% of the cows. Most of cows from result group C1 (73%) are not 5 
tested any further, suggesting early culling. The remainder of the cows in result group C1 only have negative 6 
tests subsequently to their diagnosis as “red cow”. The median PPI at the last test for the cows that were re-7 
tested was 89.3% (s.d. 40.1%) and 45% of these cows had a last PPI above 95%. In Figure 3, the cow would 8 
have been classified as high-risk early in life (during the 3rd year of age). However, no further positive test 9 
occurred for the next four years of her life and the probability of infection slowly decreases towards zero.  10 
Almost half of the cows with two positive tests (47%) are not “red cows” as they do not have consecutive 11 
positive tests, and were classified in result group C2. After the second positive test, the median PPI was 12 
92.8% and it was above 95% for 46% of the cows. It was significantly smaller than in result group C1 (Kruskal 13 
Wallis χ² = 1,208, df = 1, p < 0.01). The median PPI at the last test was 67.0% and 30% of the cows had a last 14 
PPI above 95%. 15 
Cows in result group D have between three and seven positive tests over time. They represent 3% of all cows 16 
and 18% of seropositive cows. Most of the cows from result group D (92%) are “red cows”, i.e., they have at 17 
least two consecutive positive test results (result group D1). A smaller proportion do not have consecutive 18 
positive tests and are not “red cows” (result group D2). The test results in group D often alternate between 19 
positive and negative, with S/P values close (either above or under) to the accepted threshold. The median 20 
PPI after the 2nd positive test was 99.6% and 98.0%, in groups D1 and D2, respectively, and it was above 95% 21 
for 76% and 61% of the cows. After the 3rd positive test, the median PPI was over 99.9% (s.d. 14.7%) and it 22 
was over 95% in 92% of the cows, in both sub-groups. The median PPI after the last test was over 99.9% (s.d. 23 
16.2%) and it was above 95% for 92% of the cows. For 99.1% of the cows, the median PPI did not fall under 24 
95% at any one point after the 3rd positive test. 25 
 
 
14 
Lastly, a small number of cows (less than 1% of all cows, 2% of seropositive cows) have had eight or more 1 
positive results in total (result group E). Even if these cows may have a few negative tests intercalated, they 2 
are all “red cows”.  An example of these cows is the individual with profile E on Figure 3. The median PPI 3 
after the 2nd positive test was 94.4% and it was above 95% for 94% of the cows. The median PPI did not fall 4 
under 95% in any of the cows after the 3rd positive test. 5 
Table 2. Key characteristics of the result groups defined according to the number of positive tests and “red 6 
cow” status in the study population (N=281,554). 7 
Group A B C1 C2 D1 D2 E 
Number of positive tests 0 1 2 3 – 7 > 7 
"Red cow" No No Yes No Yes No Yes 
Number of cows 233,362 30,026 4,435 3,934 7,897 723 1,177 
% of all cows 82.9 10.7 1.6 1.4 2.8 0.3 0.4 
% of seropositive cows  62.3 9.2 8.2 16.4 1.5 2.4 
Number of tests per 
cow 
median 5 7 6 10 8 12 12 
s.d. 3.8 4.2 3.9 3.9 3.7 3.9 4.7 
Age at first positive test 
(years) 
median  4.0 4.2 3.9 4.0 4.0 3.8 
s.d.  2.1 1.9 1.9 1.9 1.8 1.7 
Posterior probability of 
infection after the first 
positive test (%) 
median  66.3 69.0 77.9 83.4 86.8 94.4 
s.d.  37.6 38.0 34.7 34.4 31.3 24.4 
Posterior probability of 
infection after the 
second positive test (%) 
median   99.6 92.8 99.6 98.0 99.9 
s.d.   27.7 37.6 25.4 29.5 9.0 
Posterior probability of 
infection after the last 
test (%) 
median 0.3 11.4 99.1 67.0 >99.9 99.1 100 
s.d. 3.1 36.0 33.5 41.4 12.9 32.8 2.9 
 8 
Figure 3. Common test result profiles encountered in the dairy cow population. Horizontal axes show the 9 
age at testing in years. Left vertical axes (black curve) show the posterior probability of infection. Right 10 
vertical axes show the S/P result of the ELISA test (green and red dots for negative and positive results, 11 
respectively). The dashed lines represent the S/P cut-off. 12 
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Specific investigation of the data related to “red cows” 1 
Overall, 13,509 cows were classified as “red cows” (groups C1, D1 and E depending on the total number of 2 
positive tests), in 1,106 different herds. The median age at diagnosis for these cows was 4.6 years 3 
(interquartile range: 3.5 – 6.0 years). These high-risk cows were kept in their respective herds an average of 4 
297 days following their identification as high-risk (interquartile range 0-469 days, median 154 days). Around 5 
32 % of them were kept in the herd a year or more after being classified as high-risk. The average of high-6 
risk-cow-years after detection is 9.9 high-risk-cows-years per herd over the study period. The proportion of 7 
positive tests after diagnosis of a cow as “red cow” is shown in Table 3. Roughly, one third of the cows in the 8 
dataset had only subsequent positive tests, one third were not re-tested (or were culled) and one third had 9 
one or more negative tests after the diagnosis. Out of the cows which were re-tested, 84% had at least one 10 
further positive test (groups D1 or E). 11 
Table 3. Proportion of positive test results after the “red cow” diagnosis over the study period (N=13,509). 12 
Proportion of positive tests 
among the post-diagnosis 
results 
No 
further 
tests 
0% 
>0% 
and 
<25% 
25 to 
50 % 
50 to 
75 % 
> 75% 
and 
<100% 
100% 
Proportion of cows in the 
category 
30 % 11 % 3 % 5 % 9 % 5 % 37 % 
Sensitivity analysis 13 
Modifications of the case and non-case definitions had a significant impact on the performance parameters 14 
of the test. The results of the sensitivity analysis are presented in Table 4. 15 
Table 4. Results of the sensitivity analysis on the test performance parameters. Parameters expressed as 16 
means and 95% confidence intervals. 17 
Alterations of the case / 
non-case definitions 
Original definitions (two 
positive tests for cases, 
eight negative tests for 
non-cases) 
Decrease of the required 
number of tests (one 
positive test for cases, 
four negative tests for 
non-cases) 
Increase of the required 
number of tests (three 
positive tests for cases, 
twelve negative tests for 
non-cases) 
 
 
16 
Specificity 99.5% (99.4 - 99.6 %) 99.1% (99.0% - 99.2%) 99.8% (99.7% - 99.9%) 
Upper limit of the 
sensitivity 
77.5% (71.0% - 
82.9%) 
54.7% (50.3% - 59.1%) 82.3% (78.8% - 86.5%) 
Mean effective 
sensitivity 
61.8% (56.0% - 69.9%) 43.9% (40.6% - 48.5%) 69.5% (61.9% - 78.6%) 
Discussion 1 
The milk ELISA specificity and upper limit of the sensitivity function estimated in our study (99.5% and 2 
77.5%) are slightly lower than previously reported for the Pourquier ELISA in the Netherlands. The values 3 
reported in the Dutch study were as follows: the specificity was estimated at 100 and 99.8% for S/P cut-offs 4 
of 30 and 20, respectively, while the sensitivity estimates were 80% in cows positive in serum ELISA and 89% 5 
in cows shedding MAP in their faeces (van Weering et al., 2007). These values are significantly higher than 6 
the sensitivity of a different milk ELISA test, estimated at 28.9% among faecal shedders (Collins et al., 2005). 7 
Previous studies have used pseudo-gold standard or latent class analysis methods to estimate the 8 
performance of JD ELISA tests (Collins et al., 2010; Lavers, 2013; Wang et al., 2006). The fact that only ELISA 9 
antibody test results were available in the study animals was a major challenge for the analysis. To overcome 10 
this, we used definitions for cases and non-cases based on combining the serological evidence from 11 
numerous tests.  Such analysis might have generated dependencies between the calculations of the test 12 
performances and the estimations of the probabilities of infection of individual cows. The definitions used 13 
for cases and non-cases had a substantial impact on the estimates of the test specificity, sensitivity and MES 14 
(Table 4). Further, we could not include the impact of other factors such as the stage of lactation (van Schaik 15 
et al., 2003) in the estimation of the sensitivity and specificity. However, our average results were 16 
comparable to those of relevant studies published previously as detailed above. Therefore, we believe that 17 
they can be used to draw meaningful inferences and conclusions regarding the disease-testing programme 18 
under study. 19 
The median age of cows was lower in a similar study based on a JD control programme in Denmark (3.6 20 
years against 4.4 years here) (Kirkeby et al., 2015). Although both screening programs are based on the same 21 
 
 
17 
milk ELISA test, a cut-off of 30 was used in the present study while the Danish study was based on a cut-off 1 
of 15 (Nielsen et al., 2013). Despite the differences observed in terms of age distribution and test cut-off 2 
between the two studies, the mean MES in the study cited above (60%) was not significantly different from 3 
the value estimated within our study herds (61.8%). We calculated an average within-herd seroprevalence of 4 
17% in the infected herds enrolled on HerdWise. This is comparable to estimates previously published 5 
(Woodbine et al., 2009) from dairy herds in Southwest England where the true seroprevalence was 6 
estimated at 20 to 23% on different rounds of sampling. However, one of the 69 study herds was likely to be 7 
non-infected, while all the herds in our study were MAP-infected.  8 
Although farmers and veterinarians can be confident that cows with repeated negative test results (group A 9 
in figure 3) are unlikely to be JD-infected and pose a low risk, the interpretation of the results from other 10 
groups is more complex. Cows with only one positive test (group B) did nonetheless have a relatively high 11 
posterior probability of infection after the positive test result (median 66%), raising suspicion concerning 12 
their true status. Although the posterior probability of infection decreased with further repeated negative 13 
results, a median of 4 additional tests (equivalent to about a year of testing) were needed to see this 14 
probability fall under 5%. Several reasons for false positive results have been described in the literature, e.g., 15 
comparative intradermal tuberculin testing prior to JD testing (Kennedy et al., 2014; May et al., 2016), 16 
testing during the five first days in milk (Nielsen et al., 2002) and infections with other mycobacteria (Scott et 17 
al., 2010). Although cows with two consecutive positive results are considered as infected within the 18 
HerdWise programme (and within the Danish testing programme), the true status of cows with two positive 19 
results that are not consecutive is more difficult to ascertain. A third of these cows had a PPI over 95% at 20 
their last recorded test. As shown by the likelihood profiles presented in Figure 3, they are almost as likely to 21 
be truly infected as “red cows”. Similarly, cows with three positive tests or more (result groups D and E) are 22 
very likely infected: after their last test, 92% of the cows in group D had a PPI over 95%. After the third 23 
positive test, the PPI stayed above 95% in over 99% of the cows from groups D and E for the remaining of the 24 
test results. Our results suggest that the sensitivity and timeliness of the screening programme would be 25 
 
 
18 
improved by relaxing the “red cow” definition, for instance to “two positive results within four consecutive 1 
tests or at least three positive test results”. 2 
Many cows with a high number of positive test results (eight or more) have been identified in our dataset. 3 
The probability of these cows being infected given their test results is almost 100% and they should probably 4 
have been selected for early culling, but other factors might have interfered with the farmer’s decision such 5 
as milk production or herd management issues. As vertical and post-partum transmissions are frequent, 6 
young calves should be protected from any contact with milk or faeces from MAP-shedding cows (Sweeney, 7 
1996; Windsor and Whittington, 2010) and it is recommended that high-risk cows are prioritised for culling 8 
before their next calving. As the “red cows” remaining in the herd represent a risk of contamination to their 9 
own calves and other calves with which they come into contact, adaptive management is highly 10 
recommended for “red cows” that are allowed to calve. In large herds with a relatively high prevalence of JD 11 
especially, it is often not feasible for farmers to cull large numbers of productive animals. In this case, test 12 
results are essential as a management tool used to target cows for which specific procedures around calving 13 
are necessary. The “red cows” in our study were kept in the herd for a mean of 10 months after diagnosis. 14 
This value suggests that the average “red cow” is milked for a substantial period before culling. A third were 15 
kept for over 12 months in the herd. It is not known whether these cows were allowed to calve again or 16 
were kept solely to milk until the end of their lactation, as no calving data were available. The figures 17 
presented here may underestimate the real values as the last ELISA test was used a proxy of the culling date 18 
(i.e., we assumed that cows that ceased to be tested had been culled).  19 
Our analysis showed that a third of the cows diagnosed as “red cows” had at least one negative ELISA test 20 
after their diagnosis. Further, among the cows that were re-tested after their diagnosis, 16% did not have 21 
any further positive tests, suggesting that they may be uninfected animals. This is an important factor in the 22 
farmers’ decision to cull or keep the “red cows”, as subsequent negative tests may weaken their belief that 23 
the cow is truly MAP-infected, this is especially true of an otherwise productive cow. Farmer and vet 24 
confidence in categorising “red cows” as high risk is crucial if they are to be kept in the herd as careful 25 
 
 
19 
management at calving is necessary to prevent disease transmission. Improving awareness and 1 
understanding of this feature of JD testing is also important to avoid distrust and lack of motivation because 2 
of inconsistent test results. Imperfect specificity of the case definition means that some cows might be 3 
diagnosed as “red cows” and culled although they were not truly infected. Further analysis would be useful 4 
to determine the optimal economic balance between specificity (minimising unnecessary culls and additional 5 
calving management) and sensitivity (keeping infectious animals in the herd without specific management) 6 
of the case definition. The imperfect test characteristics and the chronic nature of the disease render 7 
repeated testing necessary. However, as illustrated by the individual cow-profiles selected as examples, if 8 
the reason for additional testing is to increase the confidence on the status of an individual cow, there is 9 
considerable potential for more targeted use of serological testing. Scenario analysis could provide 10 
quantitative estimates of the costs and benefits associated with alternative testing scenarios. Such analysis 11 
would require further data collection, including economic data. In the meanwhile, more strategic use of 12 
testing by farmers and veterinarians would be facilitated by expressing the combined test results as a 13 
posterior probability of infection. 14 
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